Summary Matrix Gla protein (MGP) is a key regulator of vascular calcification. Genetic variation at the MGP locus could modulate the development of coronary artery calcification (CAC). Our aim was to examine the cross-sectional association between MGP single nucleotide polymorphisms (SNPs) [rs1800802 (T-138C), rs1800801 (G-7A), and rs4236 (Ala102Thr)] and CAC. CAC was measured by multidetector computed tomography (MDCT), in older men and women of European descent, ( n ϭ 386; 60 to 80 y of age). Serum MGP was measured by radioimmunoassay. Linear, Tobit and Ordinal regression analyses all revealed that in men, homozygous carriers of the minor allele of rs1800802 , rs1800801 , or rs4236 (minor allele frequency: 21, 38, and 40%, respectively) were associated with a decreased quantity of CAC, relative to major allele carriers. This association was not found in women. Although genetic variation in MGP was associated with serum MGP concentrations, there were no associations between serum MGP and CAC. The results of this study suggest a role for MGP genetic variants in coronary atherosclerosis among men that is not reflected in serum MGP concentrations. Key Words matrix gla protein, coronary artery calcification, polymorphism, vitamin K, atherosclerosis Coronary artery calcification (CAC) is representative of the extent of atherosclerotic burden, and is associated with increased risk of cardiovascular morbidity and mortality ( 1 ). Biochemical and genetic studies have established matrix Gla protein (MGP) as an inhibitor of calcification in cartilage and blood vessels ( 2 ). It has been shown that the anticalcifying activity of MGP depends upon the ␥ -carboxylation of specific glutamic acid (Glu) residues in MGP. This vitamin K-dependent reaction yields ␥ -carboxyglutamic acid (Gla) residues, which are then able to bind calcium ( 3 ). In mice, targeted deletion of the MGP gene causes extensive calcification of the elastic lamellae of the abdominal aorta ( 2 ). Extensive vascular calcification is also induced when ␥ -carboxylation of MGP is inhibited using the vitamin Kantagonist, warfarin ( 4 ).
Coronary artery calcification (CAC) is representative of the extent of atherosclerotic burden, and is associated with increased risk of cardiovascular morbidity and mortality ( 1 ) . Biochemical and genetic studies have established matrix Gla protein (MGP) as an inhibitor of calcification in cartilage and blood vessels ( 2 ) . It has been shown that the anticalcifying activity of MGP depends upon the ␥ -carboxylation of specific glutamic acid (Glu) residues in MGP. This vitamin K-dependent reaction yields ␥ -carboxyglutamic acid (Gla) residues, which are then able to bind calcium ( 3 ) . In mice, targeted deletion of the MGP gene causes extensive calcification of the elastic lamellae of the abdominal aorta ( 2 ) . Extensive vascular calcification is also induced when ␥ -carboxylation of MGP is inhibited using the vitamin Kantagonist, warfarin ( 4 ) .
Recent studies suggest that in addition to modifiable coronary risk factors, such as hypertension, hyperlipidemia, and cigarette smoking ( 5 ), there is a strong genetic component to the development of arterial calcification. The heritability of the presence of CAC has been estimated to be up to 50% ( 6 ), with similar heritability estimates given for abdominal aortic calcification ( 7 ) . Genetic variability in MGP is of particular interest because of its role as an inhibitor of calcification. In vitro studies suggest that single nucleotide polymorphisms (SNPs) in MGP are associated with altered promoter activity ( 8 -10 ) . In addition, there is some evidence that MGP SNPs are associated with arterial calcification ( 10 , 11 ) , although these results are not consistent ( 8 , 12 ) .
In this study we assessed the cross-sectional associations between genetic variations in MGP and measures of serum MGP and CAC, as measured by multidetector computed tomography (MDCT), in older men and women. We put forth two main hypotheses: First, that genetic variation in MGP will influence circulating concentrations of MGP; and second, that variation in MGP will be associated with CAC.
EXPERIMENTAL
Study population. Free-living men and postmenopausal women, 60-80 y of age, were enrolled in a 3-y, double-blind, placebo-controlled trial to assess the impact of vitamin K supplementation on age-related bone loss and vascular calcification. Subjects in this study were primarily of European descent (93% of entire cohort). Exclusion criteria included a usual dietary intake of calcium Ͼ 1,500 mg/d; usual vitamin D intake greater than 1,500 IU; women Ͻ 5 y postmenopausal; a terminal illness; renal or liver disease; a kidney stone in the past 5 y; treatment with a bisphosphonate, calcitonin, hormone replacement, or fluoride (other than dental rinse), current oral anticoagulant use and a history of heart disease or osteoporosis. Of the 452 subjects enrolled in this trial, 36 subjects were excluded due to inability to obtain DNA or written consent for genotyping. The Tufts-New England Medical Center and Massachusetts General Hospital Institutional Review Boards approved the protocol.
At the time of the baseline visit prior to randomization, information regarding current medication use, medical history, physical activity, and smoking status was collected. Height and weight were measured while the subjects stood. Body mass index (BMI) was calculated as the weight in kilograms divided by the square of the height in meters. Smoking status was defined as current smokers or non-smokers (Y/N). Current smokers were defined as subjects who reported smoking cigarettes on a regular basis during the previous year. Habitual intakes of phylloquinone, calcium, and vitamin D were assessed by the Willett semi-quantitative food frequency questionnaire (FFQ) ( 13 ) . Information about vitamin and mineral supplement use was documented on medical forms. Physical activity was estimated by PASE (physical activity score for the elderly) ( 14 ) .
Coronary artery calcification. Coronary calcification imaging was performed on an 8-slice MDCT scanner (Lightspeed Ultra, General Electric, Milwaukee, WI) with a gantry rotation of 500 ms using ECG triggered sequential data acquisition. Scans were prospectively initiated at 50% of the RR interval and data were acquired within a window of 330 ms (temporal resolution). Forty-eight contiguous 3 mm thick slices covering the entire heart were acquired during a single breath hold. A scoring method analogous to the "Agaston score" ( 15 ) was used to quantify coronary calcium as previously described (TeraRecon Aquarius, San Matteo, Ca) ( 16 ). This method has been shown to be a sensitive and accurate predictor of coronary calcium ( 16 ) .
Biochemical measurements. Fasting blood samples ( Ͼ 10 h) were collected and shipped in a frozen state to the University of California, San Diego where serum MGP was assayed using a radioimmunoassay, as previously described ( 17 ) . This assay measures total concentrations of MGP in serum, and does not discriminate between the fully ␥ -carboxylated form of MGP (active as a calcification inhibitor) ( 4 ) and under-␥ -carboxylated forms of the protein.
Plasma 25-hydroxyvitamin D was analyzed by commercially-available 25(OH)D assay kits available from DiaSorin (Stillwater, MN). The DiaSorin 25(OH)D assay consists of a two-step procedure: extraction of 25(OH)D from plasma with acetonitrile, followed by an RIA procedure. Two reference controls provided with the kit and one in-house control were run in each assay and compared to acceptable ranges.
Triglycerides were measured on a COBAS Mira (Roche Instruments, Belleville, NJ). Plasma lipid profiles include enzymatic measurement of total, LDL, and HDL cholesterol and triglyceride concentrations ( 18 ) .
Genotyping. Four hundred and sixteen subjects provided written, informed consent for genotyping. Genomic DNA was isolated from blood and purified for PCR analysis using the QIAamp DNA Mini Kit (Qiagen Inc., Chatsworth, CA). Genotyping was carried out using the ABI prism 7900 using single nucleotide polymorphism (SNP) discrimination assays designed by Applied Biosystems (ABI) (Applied Biosystems, Foster City, CA). Accuracy of genotype was tested by introducing 5% dummy duplicates and blank controls.
The MGP SNPs genotyped for this study include dbSNP rs1800802 (T-138C) located in the promoter region of the gene; dbSNP rs1800801 (G-7A); located in the 5 ′ UTR and dbSNP rs4236 , a non-synonymous polymorphism located in exon 4 and causing an alanine to threonine amino acid change (Fig. 1 ). PCR conditions and primers and probes used for each assay are listed in Supplemental Table 1 . Statistical analysis. The genotype frequencies for all markers were evaluated for Hardy-Weinberg Equilibrium (HWE) using the 2 tests. Linkage disequilibrium (LD) between each pair of SNPs within MGP was evaluated using Lewontin's D ′ ( 19 ). Haplotypes were inferred by the EM-algorithm using the Helixtree software package (Golden Helix, Inc., Boseman, MT). The prevalence of coronary calcification has been shown to differ among ethnic groups by others, with men and women of European descent having the highest prevalence ( 20 ) . Therefore these analyses were limited to only participants of European descent ( n ϭ 386).
Due to the skewed distribution of CAC, Tobit regression of the logged Agaston score [ln(CAC ϩ 1)], proven to accurately identify associations of CAC with risk factors ( 21 , 22 ) , was our primary analytical approach. Linear regression of the logged Agaston score [ln(CAC ϩ 1)] and ordinal logistic regression with the CAC outcome expressed in ordinal categories have also been shown to accurately identify associations of CAC with risk factors ( 21 , 22 ) . For consistency of interpretation and comparison of results across studies, we also used these additional analytical approaches in our analyses. All analyses were performed for men and women separately because previous reports indicated sex-dependent associations between risk factors and CAC ( 21 , 23 ) . All models are adjusted for age, BMI, LDL cholesterol, HDL cholesterol, smoking status, systolic blood pressure, diabetes (Y/N), and use of statins. The results of Tobit regression are presented as the ratio of CAC score for presence or absence of a particular genotype (e.g. ratio of CAC score in carriers of genotype A versus carriers of genotype B). For ordinal regression, CAC was divided into 5 categories, using published criteria to approximate the presence of no, minimal, mild, moderate, and severe coronary atherosclerosis (CAC scores of 0, 1-10, 11-100, 101-400, and Ͼ 400) ( 24 ) . SNP-gender interactions were explored in fully-adjusted multivariate analysis that included both men and women.
To evaluate the relationships between serum levels of MGP and polymorphisms in the MGP gene, we used analysis of covariance (ANCOVA) while adjusting for age, gender, serum triglycerides, BMI, smoking status, and serum 25(OH)D. Serum MGP was the outcome variable of interest and each MGP marker was used as a primary independent variable. The SNPs associated with serum MGP ( p Ͻ 0.10) in the fully adjusted models were further analyzed assuming dominant, recessive, or additive modes of inheritance.
Statistical analysis of Tobit regression was performed using SAS (v. 9, Cary, NC). Linear regression of ln(CAC ϩ 1) and ordinal regression was performed in SPSS for Windows (v. 14, Chicago, IL). Tests with pvalue Ͻ 0.05 were considered statistically significant.
RESULTS
Characteristics of the 226 and 160 women and men, respectively, who were exclusively of Northern European descent and were selected for the present study are presented in Table 1 . The mean age of the subjects was 68 Ϯ 5.5 y. Although subjects were excluded from this study for major health problems such as liver, renal, or heart disease, a mean BMI of 28 kg/m 2 suggests that a large number were overweight or obese. Gender-specific differences were detected in total, HDL-and LDL-cholesterol and systolic blood pressure. Serum MGP concentrations were not significantly different between men and women. However, as expected, men had a significantly higher mean Agaston score than women (Table  1) .
Genotype frequencies are presented in Table 2 . Genotype frequency distributions were in accordance with HWE expectations (pϾ0.05). Our analyses revealed a highly significant LD (pϽ0.001) among the three SNPs examined with D values higher than 0.98. These three SNPs are part of the same DNA block encompassing the entire MGP locus. Determinants of serum MGP and CAC including age, serum cholesterol, triglyceride, BMI, 25(OH)D, systolic blood pressure and smoking status were not significantly different in participants of European descent genotyped for this study as compared to those for whom there were no genotype data available (data not shown).
All three MGP SNPs analyzed in this study were significant predictors of CAC in men, either alone or after adjusting for other CHD risk factors (Table 3) . These SNPs were not significantly associated with CAC in women. Significant associations remained in men after adjusting for serum MGP in addition to other CHD risk factors. The strongest associations were found with the recessive mode of inheritance (recessive for the minor allele). In men, minor allele homozygotes of rs1800802, rs1800801, or rs4236 were associated with a decreased quantity of CAC, relative to carriers of the major alleles. A significant gender * SNP interaction was identified for SNP rs1800802. Minor allele homozygotes were associated with lower CAC in men and higher (although not significant) CAC in women. Additional analyses using linear regression of ln(CAC ϩ1) and ordinal regression supported the results of Tobit analysis (data not shown).
General linear models showed significant associations of MGP rs1800801 and rs4236 with serum concentrations of MGP in men and women combined (overall pϭ0.002 and pϭ0.028, respectively). Genderspecific analyses showed similar trends, and there was not a significant gender * SNP interaction with any SNP. Therefore, to increase power, analyses were conducted in men and women combined. (Fig. 2) . In contrast, MGP rs1800802 did not show a significant association with serum MGP concentrations.
To further explore the associations among MGP SNPs, CAC and serum MGP, we performed haplotype analyses. In haplotype analysis of the MGP gene using the three SNPs, we identified three common haplotypes (frequencyϾ5%): Hap1-rs1800802 A-rs1800801 Ars4236 C (frequency 37%); Hap2-rs1800802 Ars1800801 G-rs4236 T (frequency 37%), and Hap3- rs18008024 A-rs1800801 A-rs4236 C (frequency 22%) (Fig. 1) . In terms of CAC, Hap2 was significantly higher than Hap1 in men only (3.4 unit difference per each copy; pϭ0.023) ( Table 4) . Haplotype analysis for serum MGP concentrations was conducted in men and women combined for consistency with the analyses of individual SNPs for this outcome. For serum MGP concentrations, Hap2 was significantly higher than Hap1 (27.3 ng/mL difference per each copy; pϽ0.001) ( Table  5) The direction of haplotype analyses is consistent with the single SNP results; however, haplotype analyses did not increase the variance explained by the models relative to analyses of single SNPs in any of the models.
DISCUSSION
In the present study, we found gender specific associations between genetic variation in MGP and CAC. In our study, we used robust measurement and statistical analysis of CAC to show associations with genetic variation in MGP in older, healthy men and women of European descent. Our measurement of CAC, multidetector computed tomography, has been shown to be a sensitive and accurate predictor of coronary calcium in older men and women (16) . Tobit and linear regression and ordinal logistic regression of the skewed CAC scores have proven to accurately identify associations of CAC with atherosclerotic risk factors (21, 22) . We used these methods to show significant associations of MGP SNPs with CAC in men, such that homozygous carriers of the minor alleles of MGP rs1800802, rs1800801, or rs4236 are associated with decreased quantity of CAC, relative to carriers of the major alleles.
Previous studies have been inconsistent in their findings of an association between MGP genetic variation and atherosclerosis or vascular calcification. In one case-control study, the outcome measures of myocardial infarction and ultrasound femoral and carotid artery calcification were assessed for an association with MGP rs4236 and rs1800801. These SNPs were weakly associated with femoral calcification in a subset of subjects who had the presence of atherosclerotic plaques (10) . In the Coronary Artery Risk Development in Young Adults (CARDIA) study, a population-based investigation of cardiovascular disease in younger African-American and non-Hispanic white participants, MGP rs1800802 (T-138C) was analyzed for association with presence or absence of CAC (12) . This SNP was also studied in autopsy samples for an association with several measures of atherosclerotic calcification, including chest and abdominal X-rays (8) . However, no association with MGP rs1800802 and measures of calcification was found in either of these studies. This could be due to population stratification or sensitivity of calcification measurement. Vascular calcification progresses with aging; therefore a young cohort, as used in the CARDIA study, may have little calcification, which would decrease the likelihood of finding an association with MGP genotype. Furthermore, X-rays and other measures of calcification such as the Gore index, as used by Kobayashi et al. (8) , may not be sensitive enough for this type of outcome measure.
In our study, significant associations were found in men only. Men initiate vascular calcification earlier in life than women, and in our study, men had a higher calcification score than women (mean Agaston score in men: 341; women: 125). Therefore it is plausible that the associations between these MGP SNPs and CAC may only manifest in subjects with high amounts of calcification, which in this study was limited to men. A significant gender * SNP interaction was found for MGP rs1800802 but not the other SNPs analyzed in this study. Although there is evidence of altered promoter activity for MGP rs1800801 and rs1800802, and MGP rs4236 causes a non-polar to polar amino acid change (alanine to threonine), it is unknown whether the associations with CAC are due to functional consequences of these polymorphisms or if these polymorphisms are in linkage with other functional loci.
In addition to associations with CAC, genetic variation in MGP was associated with serum MGP concentrations. In a previous in vitro study of MGP SNPs, the AA variant of rs1800801 (G-7A) was shown to have a 1.5 higher transcriptional activity compared to the GG variant (9) . In addition, the CC variant of rs1800802 (T-138C) was shown to have a 4-fold higher transcriptional activity compared to the TT variant (9) . The increased expression of the rs1800802 CC allele corresponded to a higher mean serum MGP concentration in a gene-dose relationship (9) . Although we did not find a significant association between MGP rs1800802 and serum MGP, we did find significant associations with rs1800801 and rs4236 (A83T). Like the associations found with CAC, it is not known whether these associations are due to functional consequences of these polymorphisms, or if these polymorphisms are in linkage with other functional loci. The significance of an association of MGP SNPs with serum MGP is not fully understood. Serum MGP has been shown to be elevated in atherosclerotic patients (25) , while inversely correlated with the severity of CAC in another study (26) . Expression of MGP increases in calcified regions of the vascular wall and MGP has been shown to accumulate at sites of calcification (4) . It is thought that this increased accumulation of MGP slows the progression of calcification, and that a fraction of this increased synthesis escapes to serum where it causes an elevation in serum MGP. However, it has been shown that increased serum levels of MGP failed to rescue vascular calcification due to targeted MGP deletion (3). MGP is a vitamin K-dependent protein, and as such, must be carboxylated to be fully functional. The currently available MGP assay measures total serum MGP, and does not discriminate between the under-carboxylated and fully-carboxylated forms of MGP, making the interpretation of these findings more difficult.
A modest, but inconsistent association between increasing concentrations of MGP and higher levels of coronary calcium deposit were reported in this entire cohort (27) . Analysis of the subset of subjects of European descent for whom genotype data were available in our study, revealed no significant associations between serum MGP and CAC in men or women. These inconsistencies in the association between serum MGP and CAC underscore the conclusions of the original study that serum MGP is not a robust biochemical measure for vascular calcification. In addition, the significant associations between MGP SNPs and CAC remained unchanged after adjusting for serum MGP concentrations, in addition to other cardiovascular risk factors, suggesting that the associations between these MGP SNPs and CAC are independent of serum MGP.
Previous studies have shown ethnic differences in the prevalence and quantity of calcification (20) . We therefore limited our analyses to only subjects of European descent 60-80 y of age. This strengthens our analyses; however, at the same time it limits how generalizable our results are to other ethnicities and age groups.
The results of our study lend further support for a mechanistic connection between MGP genetic variants and coronary atherosclerosis that are not reflected in serum MGP concentrations. Further studies are necessary for replication and to fully elucidate the mechanisms behind these associations. These associations also need to be explored among different populations.
